Identification of new materials for photo-electrochemical conversion of water into hydrogen and oxygen using visible solar light is one of the grand challenges of our times. Toward this goal, here we employ a hierarchy of down-selection steps based on structural constraints, thermodynamic stability, constraints on bandgap and band-edge positions to identify potential candidates residing in a target double perovskite chemical space. The adopted screening strategy results in four new promising candidate materials, which were studied in greater detail using first-principles computations for their thermodynamic stability, electronic structure and octahedral structural distortions. Our theoretical investigation is expected to serve as a motivation for future experimental efforts targeted toward realizing these identified promising materials.
Introduction
The present contribution is aimed at identifying new materials for photo-electrochemical conversion of water into hydrogen and oxygen using visible solar light-one of the grand challenges in the fields of materials science, chemistry and renewable energy [1] . We consider the double perovskite oxides as a material class of interest owing to both the chemical flexibility made available by the perovskite framework in accommodating a broad spectrum of atomic substitutions and the vastness of compositional and configurational space spanned by the fourmetal double perovskites [2] . The double perovskite structure, shown in Fig. 1a , is represented by the chemical formula AA 0 BB 0 O 6 ; where A and A 0 cations typically have ?1, ?2 or ?3 nominal charge states and have a 12-fold coordination, while the relatively smaller B and B 0 metal ions occupy sixfold coordinated positions in oxygen octahedra with their charge states given by the overall charge neutrality of the system. Interestingly, the BO 6 octahedra can expand, contract or distort and tilt or rotate in order to compensate for deviations from non-ideal ionic sizes of A-and B-site cations, imparting structural stability to the material.
Depending on the nature of the cations, various types of cation ordering can consequently arise in the double perovskites [3, 4] . For a doubly substituted AA 0 BB 0 O 6 -type perovskite, there are three common ways in which cations at each of the two sublattices can order, leading to a total of nine different ordered arrangements. Specifically, A and A 0 (and B and B 0 ) cations can order in layered, columnar or rocksalt arrangements. The most commonly observed type of ordering for the B-site sublattice is the one in which the cations alternate in all three dimensions, mimicking a rocksalt-type ordered sublattice to effectively accommodate any local strain arising due to size mismatch of the two cations. Less frequently, the B-site cations may form a layered order, where they alternate only in one direction and form continuous layers along the other two normal Cartesian axes. Rarely, however, a columnar ordering may take place, where the two different cations alternate in two orthogonal directions, but form a continuous column along the third direction. A layered ordering at the A-site is frequently observed when the B-site cations are rocksalt ordered [4] .
Many perovskite oxides, including AgNbO 3 [5] , are known to split water in either visible or UV light. Several cubic oxynitrides (e.g., BaTaO 2 N, SrTaO 2 N, CaTaO 2 N and LaTiO 2 N) are also known to perform well for hydrogen evolution [6] . In a recent computational study, Castelli et al. [7] considered 19000 materials in the five-atom cubic perovskite structure, including oxides, nitrides, sulfides and fluorides and combinations thereof, such as oxynitrides and oxyfluorides. Employing quantum mechanical computations for accurate bandgap predictions and previously validated empirical methods to estimate the band edges, the authors were able to identify about 32 new candidate materials for one-and two-photon water-splitting processes. The set of screened materials also contained several of the previously known water-splitting compounds. In a separate study, Castelli et al. studied general rules for combining two perovskite oxides ABO 3 and A 0 B 0 O 3 into a rocksaltordered double perovskite AA 0 BB 0 O 6 in order to obtain a desired bandgap [8] . However, the above investigations did not explicitly take into account the octahedral rotational distortions commonly exhibited by perovskites, which may significantly perturb the bandgap. Furthermore, the a priori choice for the rocksalt-ordered A-site and B-site cations made in the study was not critically assessed.
In this paper, we present a screening strategy that, as a first step, uses structural factors (such as tolerance factor and octahedral factor) to predict formability of a given chemistry in the double perovskite b Parity plot comparing the PBEsol and GLLB-SC bandgaps with the corresponding experimentally measured bandgaps for selected single-metal oxides [7] . c Chemical space of the double perovskite oxides explored in the present study. Cations appearing at the A-site and/or the B-site are highlighted.
crystal structure. Subsequently, a recently developed machine learning (ML) model is employed to make rapid estimates of bandgaps of screened formable double perovskites. The bandgap predictions are then confirmed by accurate quantum mechanical simulations. In addition to requiring a formable compound with bandgap in the solar spectrum range, the water-splitting reaction also requires valance and conduction band edges of the material to lie on both sides of the redox potential of water. This criterion is explicitly taken into account in our screening strategy through a previously validated empirical approach based on the Mulliken's electronegativity of the constituent elements, and size of the bandgap of the system to estimate the valance and conduction band edges. After exploring a large part of the double perovskite chemical space, we identify five novel compositions, for which a detailed analysis of stability, structural distortions (in terms of various cation orderings and octahedral rotations) and electronic structure is presented. In the following, we describe our findings in greater detail.
Theoretical details
The quantum mechanical computations were performed using density functional theory (DFT) [9] as implemented in the Vienna ab initio simulation package [10] and the GPAW code [11] . For VASP computations, the generalized gradient approximation (GGA) functional parametrized by Perdew, Burke and Ernzerhof and further revised for solids (PBEsol) [12] to treat the electronic exchange-correlation interaction, the projector augmented wave (PAW) [13] potentials and plane-wave basis functions up to a kinetic energy cutoff of 500 eV were employed. All calculations were performed without spin polarization, since none of the systems contain unpaired electrons. The relaxed geometries obtained with PBEsol computations were used to compute accurate bandgaps using the Gritsenko, van Leeuwen, van Lenthe and Baerends (GLLB) exchangecorrelation functional [14] , which was further optimized for solids (-SC) by Kuisma et al. [15] , as implemented in the GPAW code. It is worthwhile to note that while the Kohn-Sham bandgap is always underestimated from the fundamental gap by the derivative discontinuity, the GLLB-SC functional has an inbuilt prescription for the evaluation of the derivative discontinuity [16] , which is added back to the Kohn-Sham bandgap to correct for this wellknown deficiency of conventional DFT. GLLB-SC functional has been shown to predict bandgaps of simple [7] (cf. Fig. 1b ) and complex oxides [17] with an accuracy comparable to that of the GW method [18, 19] . The Brillouin zone of a 40-atom double perovskite supercell is sampled by a 5 Â 5 Â 5 k-point Monkhorst-Pack mesh [20] . For the hybrid HSE functional calculations [21] , we used the HSE06 version with the mixing coefficient a HSE ¼ 0:25 and the screening parameter x HSE ¼ 0:2Å À1 .
Results
We start with describing details of the chemical search space that was explored in the present study. This is essentially the same chemical space for which our ML model for rapid bandgap predictions was trained and validated [22] . Owing to the interpolative nature of ML techniques, we refrain from visiting new parts of chemical space, which were not explored during the model learning. This is ensured by allowing for only those atoms at A-and B-sites, respectively, which were present in the model training and evaluation stages. In other words, possible atom choices for the A and A 0 sites are restricted to Li, Na, K, Rb, Cs, Ag, Mg, Ca, Sr, Ba, Pb, Ga, In, Ge, Sn, Tl, La, and Y and the B and B 0 sites are allowed to be occupied by Sc, Al, Ga, In, Ti, Hf, Zr, Si, Ge, Sn, V, Nb, Ta and Sb only. This chemical space is presented in Fig. 1c .
Starting with all possible combinations formed with above site-specific elemental choices, we use charge neutrality (i.e., q A þ q A 0 þ q B þ q B 0 ¼ 12 where q X represents the nominal charge state of atom X), bounds on average tolerance factor ð0:85 6 t f 6 1:05Þ and bounds on average octahedral factor ð0:414 6 o f 6 0:732Þ in our first line of screening. Here, the average tolerance factor ð t f Þ and average octahedral factor ð o f Þ are defined as follows,
representing Shannon's average ionic radii for the two A-site and two B-site cations, respectively, and r O represents the ionic radii for the oxygen ion. The bounds on t f and o f used here are based on the general trends observed in the literature for stable double perovskites [3] . Employing the above constraints, a search in the targeted chemical space resulted in $ 500 new compositions, which were not included in the original double perovskite dataset (with 1306 double perovskites) used to train and validate our ML model [22] .
In the next round of screening, we down-select based on the following criteria: (i) ML-predicted bandgap in the visible light range laying in between 1.5 and 3.0 eV (i.e., 1:5 eV 6 E g 6 3:0 eV), [7] and (ii) valance and conduction band edges straddling the oxygen and hydrogen evolution potentials. Our MLbased screening predicts 11 new double perovskite compounds with their bandgaps in the targeted range. At this stage, we confirm the ML predictions using DFT computations with the GLLB-SC functional (cf. Fig. 2a) .
While the DFT verification of the ML-predicted bandgaps was straightforward, accurate evaluation of the band edges from first principles is non-trivial since it requires one to compute electronic structure of one or more materials surfaces in the presence of water, further complicated by the pH of the environment [23] . Here, we adopt an alternative empirical approach based on the Mulliken electronegativity of the constituent elements, and the size of the bandgap of the system to estimate the valance and conduction band edges (VB edge and CB edge ) as [24] ,
where v X represents the electronegativity of atom X, E g is the calculated bandgap and E NHE 0 ¼ À4:5 eV denotes the difference between the normal hydrogen electrode (NHE) and the vacuum level. This empirical approach has successfully been used in the past to identify new materials for water-splitting applications [7, 17] , and the positions of the band edges given by this equation have been shown to give good agreement with the corresponding experimentally measured values [24] .
The estimated band edges for the 11 materials, that satisfied the bandgap screening criterion, are plotted in Fig. 2b . Based on the relative positions of the band edges with respect to the redox potential of water, this screening step allows us to further down-select five systems, viz. CsYSn 2 O 6 , CaSrGaVO 6 , CaSrInVO 6 , Sr 2 GaVO 6 and Sr 2 InVO 6 , as identified in the figure. Although the band edges of CsYSn 2 O 6 , CaSrInVO 6 , and Sr 2 InVO 6 are barely touching the redox potential for the hydrogen evolution reaction, these have been selected in anticipation of further broadening of the bandgaps in these materials accompanied with octahedral rotational distortions, as discussed in the next section. We also note here that the above criteria are only necessary but not sufficient conditions for a realistic material possibility. Other attributes such as high mobility for charge carriers, absence of defects that may lead to defect assisted recombination, and chemical stability in contact with water may also play critical role in dictating real-life performance and efficiency of a material.
Finally, we determine the thermodynamic stability of the five systems relative to a pool of reference systems consisting of the most stable single-metal oxides constituting the double perovskites, as listed in the ICSD [25] and the Materials Project database [26] (cf. Fig. 3a) . In this step, in addition to the rocksalt ordering, we also take into account other possible orderings at the A-and B-site sublattices. For CaSrInVO 6 and CaSrGaVO 6 , we consider layered, columnar and rocksalt orderings at each of the two sublattices, giving rise to nine different ordered configurations. For the remaining three systems (i.e., CsYSn 2 O 6 , Sr 2 GaVO 6 and Sr 2 InVO 6 ), the three orderings at either A-or B-site sublattices were studied. Our results for the formation energies computed with respect to the most stable binary oxides are captured in Fig. 3b , c. While CsYSn 2 O 6 is found to be unstable against decomposition into its binary oxides in all three ordered cases, the other four compounds exhibit stable ordered structures. For these stable systems, as a general result, the most stable ordering at the B-site sublattice was found to be that of rocksalt-type, which is accompanied by Asite layered ordering. We note that this ordering pattern is well known for other double perovskites that have been synthesized in the past [3] . Finally, we note that going from rocksalt to layered ordering of the A-site cations in CaSrInVO 6 and CaSrGaVO 6 not only improves the thermodynamic stability of the respective systems, but also leads to wider bandgaps for the two systems. The increase in the bandgap for CaSrGaVO 6 and CaSrInVO 6 was 0.37 and 0.71 eV, respectively.
Discussion
So far we have not considered B-site octahedral rotations in our analysis. Octahedral rotational distortions tend to further stabilize the perovskite structure by achieving optimal coordinations for the A-site cations and as a result can change the bandgap. Howard et al. [27] and Knapp et al. [28] have presented detailed group theoretical treatments of various space group symmetries reached by octahedral rotations in double perovskites of A 2 BB 0 O 6 and AA 0 BB'O 6 types, respectively. The results based on these analyses are summarized in Fig. 4a , b indicating the group-subgroup relationships among the structures and the associated Glazer tilt patterns [29] . To identify the most energetically favored tilt pattern for each stable compound, we carried out structural relaxations separately in each of the space groups symmetries identified in Fig. 4a , b using DFT computations. The lowest energy ground state structures thus obtained, along with their space group symmetries, are presented in Fig. 4c . Dynamic stability of these structures was further checked by confirming the absence of any unstable zone center phonon mode with an imaginary frequency. The lattice parameters and internal coordinates for the relaxed ground state structures of the compounds are provided in supplementary information. As anticipated, the stabilizing octahedral distortions further broaden the bandgaps of the four compounds. Figure 4d (top-panel) compares the bandgaps of the four stable double perovskites with and without the octahedral rotational distortions. As an additional point of comparison, we use HeydScuseria-Ernzerhof (HSE) hybrid functional DFT calculations on the final ground state structures with octahedral distortions. The HSE bandgaps are presented in Fig. 4d and show excellent agreement with the GLLB-SC bandgaps. We also find that our computed GLLB-SC bandgap for Fm 3m Sr 2 GaVO 6 compares favorably with the recently reported G 0 W 0 value [30] . The revised VB edge and CB edge positions, after taking into account the bandgap broadening resulting from the octahedral rotations, are depicted in Fig. 4d (bottom panel) . While the desired constraints for the valance and conduction band edges are satisfied for the four compounds, the broadening resulting from octahedral rotations renders bandgaps of the three compounds (viz. CaSrGaVO 6 , CaSrInVO 6 and Sr 2 InVO 6 ) slightly larger than 3 eV. However, given that with today's thin film epitaxial growth techniques [31] , precise control of the structural distortions can be achieved by appropriately choosing a substrate [32] , and the reported predictions are still relevant and should not be discarded a priori. We further note that, owing to entropic effects at finite temperatures, the presence of antisite defects in an ordered double perovskite is almost inevitable, which would also contribute toward a lowering of the bandgap.
Finally, we note that none of the four compounds identified here have previously been reported in the literature to the best of our knowledge, except one unsuccessful attempt to synthesize Sr 2 GaVO 6 [33] . The unsuccessful effort to synthesize Sr 2 GaVO 6 in an oxygen-rich environment, however, does not eliminate its possible synthetic realization in bulk phase in a reducing environment or in a thin film epitaxial geometry. In this direction, we note that certain Mnbased double perovskites can only be synthesized in a highly reducing environment of forming gas ð5% H 2 , 95% N 2 Þ and attempts to prepare by heating in air do not lead to a perovskite product owing to the redox chemistry of Mn [4] . Lastly, we would like to point out that many complex oxides, including perovskites, double perovskites and layered perovskites, can often be grown epitaxially (using molecular beam epitaxy or advanced pulsed laser deposition methods) even if they are not stable in their bulk form, since one can choose an appropriate substrate that contributes to the overall thermodynamic stability through favorable interfacial energetic effects [34, 35] . In summary, we have presented a systematic computational screening strategy employing a hierarchy of down-selection steps (including structural constraints, thermodynamic stability, constraints on bandgap and band-edge positions) to efficiently explore a large part of the double perovskite chemical space in search of promising candidates for watersplitting applications. Our screening effort has led to four double perovskites, for which a detailed analysis in terms of their thermodynamic stability, dynamical stability, electronic structure and octahedral structural distortions has been presented. We believe that our theoretical investigation will prove to be a motivating factor toward near-future experimental efforts targeted to synthesize these materials.
